In tropical tree communities, processes occurring during early life stages play a critical role in shaping forest composition and diversity through differences in species' performance. Predicting the future of tropical forests depends on a solid understanding of the drivers of seedling survival. At the same time, factors determining spatial and temporal patterns of seedling survival can play a large role in permitting species coexistence in diverse communities. Using long-term data on the survival of more than 45 000 seedlings of 238 species in a Neotropical forest, we assessed the relative importance of key abiotic and biotic neighbourhood variables thought to influence individual seedling survival and tested whether species vary significantly in their responses to these variables, consistent with niche differences. At the community level, seedling survival was significantly correlated with plant size, topographic habitat, neighbourhood densities of conspecific seedlings, conspecific and heterospecific trees and annual variation in water availability, in descending order of effect size. Additionally, we found significant variation among species in their sensitivity to light and water availability, as well as in their survival within different topographic habitats, indicating the potential for niche differentiation among species that could allow for species coexistence.
DJJ, 0000-0002-8585-2143
In tropical tree communities, processes occurring during early life stages play a critical role in shaping forest composition and diversity through differences in species' performance. Predicting the future of tropical forests depends on a solid understanding of the drivers of seedling survival. At the same time, factors determining spatial and temporal patterns of seedling survival can play a large role in permitting species coexistence in diverse communities. Using long-term data on the survival of more than 45 000 seedlings of 238 species in a Neotropical forest, we assessed the relative importance of key abiotic and biotic neighbourhood variables thought to influence individual seedling survival and tested whether species vary significantly in their responses to these variables, consistent with niche differences. At the community level, seedling survival was significantly correlated with plant size, topographic habitat, neighbourhood densities of conspecific seedlings, conspecific and heterospecific trees and annual variation in water availability, in descending order of effect size. Additionally, we found significant variation among species in their sensitivity to light and water availability, as well as in their survival within different topographic habitats, indicating the potential for niche differentiation among species that could allow for species coexistence.
Background
The sheer number of tree species coexisting in tropical forest communities continues to inspire debate among ecologists over mechanisms that allow for high local diversity [1, 2] . Understanding the ecological mechanisms that create and maintain diversity in forests is important because woody plants make up the bulk of biomass in forests. Additionally, tree species diversity can exert strong influences on ecosystem functions [3] . Early survival is one of the strongest filters on plant community composition [4] . Furthermore, many of the mechanisms proposed to explain species coexistence in plant communities are hypothesized to act on early life stages [5] [6] [7] . It is vital that we understand the factors that determine the survival of tree species at early life stages to better comprehend, predict, conserve and manage forests.
Both niche and neutral processes can give rise to species coexistence [8] . Neutral processes, such as random colonization and extinction of species, allow for ecologically equivalent species to randomly walk through the landscape with coexistence maintained by these mechanisms over relatively long time scales [9] . Alternatively, niche processes allow for stable coexistence through partitioning of resources by species to avoid competitive exclusion [10, 11] . The question of whether there are enough niches for hyper-diverse plant species assemblages to coexist remains controversial [10] , because plants require only a few limiting resources to survive: light, water and a small suite of soil & 2017 The Author(s) Published by the Royal Society. All rights reserved.
micro-and macro-nutrients. Trade-offs in plant performance among species along these axes of variation represents one requirement for niche differentiation and coexistence via niche processes. Spatial and temporal variation in these factors creates potential abiotic niches for specialists, but whether variation is large enough for hundreds of species to coexist remains unresolved [2, 12, 13] . A critical first step is to assess whether species do in fact vary widely in their responses to abiotic variables and to determine which abiotic factors are likely to contribute most to species coexistence via niche partitioning.
The density, distance and identity of neighbour plants can have a great influence on the probability of survival [6,7,14 -21] . This is due not only to inter-and intra-specific competition for resources, but also interactions with hostspecific herbivores and pathogens attracted by presence and abundance of species [19, 22, 23] . Host-specific pests and pathogens attracted to dense patches of a species could limit the successful establishment of dominant species and create a spacing mechanism that enhances diversity [6, 7] . Considerable evidence supports the existence of negative conspecific density-dependent seedling recruitment and survival in both tropical and temperate forests [20, 24, 25] . However, negative effects of conspecific density could be masked by habitat effects (e.g. higher survival in areas of high density because high-density areas correspond to preferred habitats or lower survival in areas of low density because of resource limitations). Thus, considering both the biotic neighbourhood and abiotic conditions simultaneously is critical for revealing their relative influence [26] .
Here, we focus on the factors that mediate the success of individual seedlings in a tropical forest community. Our aims are (i) to elucidate the impact of biotic and abiotic factors on the probability of seedling survival of woody species at the community level and (ii) to quantify the variation among species in their response to these factors. While previous studies have analysed individual or subsets of these biotic and abiotic factors in relation to tree seedling survival, our study is unprecedented in scope. We analyse annual to biennial observations of seedling mortality for 45 242 individuals of 238 woody plant species collected over 10 years, combined with spatially and temporally explicit data on relevant abiotic and biotic variables. In combination, our results provide the most complete picture to date of the relative importance of key abiotic and biotic factors driving seedling survival and potentially fostering species coexistence in a diverse tropical forest.
Material and methods
We conducted the study in the seasonal lowland moist tropical forest of the 50 figure S1 ). All woody plants !1 cm DBH (diameter at 1.3 m above-ground) in the FDP have been identified to species, measured and mapped at 5-year intervals [27, 28] . In 2001, we established a permanent array of marked 1 m 2 seedling plots, with one plot in the centre of each 5 Â 5 m quadrat of the FDP (20 000 plots). All free-standing, woody seedlings and saplings !20 cm tall and ,1 cm DBH were tagged, measured and identified to species within each plot, with the exception of a small subset of plots that were skipped to avoid damage to ongoing monitoring efforts by other researchers [15, 29] . Seedling plots were censused every year between 2001 and 2017, with the exceptions of 2005, 2007, 2010 and 2015. In the analysis presented here, we use the data from 2003 to 2013 due to the availability of data on understorey light availability during that period.
Prior to running all models, we tested for correlations between predictor variables and found they were relatively weak (all r 2 , 0.09; electronic supplementary material, table S1). Furthermore, variable inflation factors of predictors in all models were all less than 1.9 (electronic supplementary material, table S2). We report the modification of risk of annual mortality by the independent variables, which represent the increase or decrease of risk of mortality when the variable increased by two standard deviations (s.d.). Using 2 s.d. allows for comparability of continuous and categorical coefficients [30] . All analyses were carried out in R using the package lme4.
(a) Community-wide survival model
We analysed the probability of seedling mortality using a generalized linear mixed-effects model (GLMM) with binomial errors and a complementary log-log link to assess the relative importance of factors determining individual seedling survival (see the electronic supplementary material, methods for model details). We examined mortality of each seedling in the dataset over the first census interval after it recruited into the census, with a log(time) offset to account for differences in the length of the census interval (range: 0.6-2.5 years). Species and sample plot were included as random intercepts to account for variation among species in baseline mortality rate and spatial autocorrelation in mortality. Fixed effects included biotic and abiotic factors likely to be important to seedling mortality.
Biotic factors included the initial (log-transformed) height of the focal seedling, and the density of seedling and tree neighbours. We calculated seedling neighbourhood densities as the numbers of conspecific or heterospecific seedlings within the same 1 m 2 plot as the focal seedling at the start of the census interval. Tree neighbourhood densities were calculated for each focal seedling based on the size and distance to focal seedling (i.e. DBH 0.25 /distance) of conspecific and heterospecific individuals !1 cm DBH within 30 m of the centre of the seedling plot (based on comparison of models using various measures of tree neighbourhood density; see the electronic supplementary material, figure S2 ). We treat all heterospecific species as equivalent in our model because phylogenetic relatedness of heterospecific neighbours had been shown to add little predictive power in neighbourhood analyses [31] .
Abiotic variables included measures of light, soil nutrient and water availability. As a measure of light availability, we calculated a canopy shade index based on the method of [32] at a height of 0.5 m above the forest floor using annual canopy census data collected for every 5 m block in the FDP (see the electronic supplementary material, methods). Data on soil nutrient concentrations in the BCI FDP at the 20 Â 20 m scale were available [33] . Because many soil nutrients were correlated, we used the first three PC axes, which described greater than 75% of the variation, in our models (electronic supplementary material, figure  S3 ). We included two variables to capture temporal variation in water availability: mean daily rainfall during the census interval and a dry season severity index to capture the maximum degree of drought stress seedlings experienced within the census interval, calculated based on evapotranspiration data from BCI [34] . To capture broad-scale spatial edaphic variation, we assigned seedling plots to one of five previously described topographic habitat types in the BCI FDP [35] . These habitats vary in soil moisture availability and include (from driest to wettest): high plateau, low plateau, slope, stream and swamp. Species' relative abundances vary among the habitats, but there is large overlap in the species present. In our models, we set slope as the baseline category because it probably represents the least stressful habitat rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20172210 type because it retains soil moisture longer into the dry season compared with the plateau habitats [35] . We excluded seedling plots in quadrats that could not be clearly assigned to a topographic habitat type or that fell in an approximately 2 ha area of secondary forest in the plot. In addition, we excluded plots within 27.5 m of the edge of the 50 ha plot because they were lacking sufficient canopy data to calculate the canopy shade index. Our dataset for analysis included 45 242 seedlings in 10 914 seedling plots and 238 species. We present detailed descriptions of methods for each variable in the electronic supplementary material, information.
We first constructed a GLMM to examine communitywide responses to the biotic and abiotic variables, and the effects of these variables were not allowed to vary among species. Abundant species more strongly influence coefficients as a result. However, coefficients from this community-wide model represent the mean response of any given individual seedling in the community, and thus can assess the relative importance of key biotic and abiotic factors in driving community-wide patterns of seedling mortality.
(b) Species random slope mortality models Species coexistence via resource niche partitioning depends in part on variation among species in response to abiotic factors. In addition, tree species are known to vary in their responses to neighbour densities [15] . Thus, we also constructed a GLMM similar to the model described above, but which included random effects that allowed species to vary in their responses to each of the independent continuous variables (i.e. varying slopes models). This model quantifies the variation among species in response to each continuous predictor variable, as well as the mean response across species (rather than individuals) to the predictor variable. We compared this model with the model with no random slope terms (i.e. the 'community-wide' model) using a likelihood ratio test [36] to assess whether there was significant among-species variation (consistent with species niche partitioning). To assess the potential for species coexistence via habitat partitioning, in a separate model we tested for variation in species performance within each habitat. This model produced speciesspecific estimates of responses to each habitat category relative to the consistent baseline of the slope habitat, which we then used to test for correlations or potential trade-offs in performance between species in different habitat pairs (e.g. species with relatively high survival in one habitat have relatively low survival in other habitats, rather than the same species having high survival in all habitats).
Results (a) Relative importance of factors determining individual seedling mortality
We found that the habitat where a seedling is located had the strongest influence on the likelihood of mortality (figure 1). Seedlings in the swamp and stream habitats had the highest increase in risk of annual mortality over the baseline (slope habitat), with a 49.3% and 23.0% increase, respectively. Risk of mortality was slightly, but not significantly, higher in the high-plateau habitat than the slope habitat. Seedlings in the low plateau had a 9.9% increase in the risk of mortality relative to the slope habitat. Seedling height was the second greatest risk factor for seedling mortality, with a 2 s. figure S4 ). Species varied the most in their response to conspecific tree density, followed by conspecific seedling density, initial height, heterospecific tree density, dry season severity, heterospecific seedling density, mean daily rainfall and canopy shade in descending order (figure 2). There was very little species level variation in response to soils. Correlations of species' responses to predictors tended to be non-significant or negative for abiotic variables (electronic supplementary material, rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20172210
had the greatest variation, while the low plateau had relatively little variation ( figure 3 ). When examining correlations of species performance among habitats (relative to their baseline performance in the slope habitat), we found correlations of species random estimates between the swamp and all other habitats were negative, while correlations between pairs of the other habitats were positive (table 1).
Discussion
Using long-term, spatially explicit data on survival of more than 45 000 woody seedlings of 238 tree and shrub species, we assessed the relative importance of key abiotic and biotic variables for mortality at early life stages in a diverse tropical forest. We found strong evidence that species vary in their probability of mortality in different habitats, under different environmental conditions, and in response to differences in neighbour identity and density. The observed species-specific responses to abiotic variables and habitat suggest trade-offs in performance, a necessary condition for coexistence through niche-based processes. Additionally, the significant negative conspecific density effects observed in this forest further support the potential for stabilizing forces to contribute to the maintenance of tropical tree diversity.
(a) Relative importance of factors determining individual seedling mortality
At the individual level, habitat had the strongest influence on probability of mortality. Seedlings in the swamp and stream habitats were the most likely to die during their first census period. The swamp area is seasonally flooded requiring seedlings to be adapted to inundation for prolonged periods. The stream also experiences episodic flooding and potential soil erosion that may make it difficult to thrive. The plateaus tend to have lower soil moisture compared with the slopes, as shown by previous studies in this forest [37] , and would seemingly be the most sensitive habitats to drought conditions; however, our results suggest that the high plateau and slope habitats have the same effect on overall mortality while the low-plateau habitat is slightly worse for seedling survival. This may be because the high plateau contains more drought resistance species compared to the slope habitat [38] , and as a result seedling survival is equivalent in the two habitats at the community level. After habitat, seedling mortality risk was most strongly influenced by seedling height and the local biotic neighbourhood. Seedling height is well established as influential on the probability of mortality [39] [40] [41] , presumably due to advantages in resource acquisition. In terms of biotic variables, rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20172210 seedling mortality increased with increasing density of conspecific seedlings and tree basal area supporting the idea that conspecific negative density-dependent mortality is an important dynamic process in this tropical forest [15] and in forests generally [42] . Previous experimental work at this site suggests host-specific soil-borne pathogens may be at least partially responsible for increased seedling morality in the presence of conspecifics [22] . Seedling mortality also increased with heterospecific tree basal area, probably due to shading, competition for below-ground resources and/or generalist natural enemies. Although the effect of 2 s.d. of heterospecific tree basal area was stronger than the effect of 2 s.d. of conspecific tree basal area on seedling mortality risk, the effect of conspecific trees was stronger than heterospecific trees on a per unit basal area scale (i.e. on the raw, unscaled data) and was thus consistent with the idea that conspecific neighbours more negatively influence focal plant survival relative to heterospecific neighbours. A previous analysis at our study site found a negligible effect of heterospecific neighbourhood on seedling survival [15] . Our results differ here potentially because our model included both biotic and abiotic variables simultaneously (in contrast to [15] ). Overall, the biotic neighbourhood a seedling finds itself in has a significant impact on its risk of mortality.
Seedling mortality risk at the community level was reduced by increasing dry season severity and increased by increasing mean rainfall. Drier dry seasons in this forest may correspond with greater light availability in the understorey due to lower cloud cover, which may result in reduced seedling mortality [43] . Furthermore, there are many drought-resistant species in this forest [38] , which may mask negative effects of low water availability when looking only at the community level response. Conversely, wetter years may benefit pathogens and herbivores and thus reduce seedling survival [44] . It is important to note that our study did not include any years with El Niñ o events, which can lead to extremely severe droughts in this region and have been associated with elevated tree mortality at our study site in Panama [45] , as well as elsewhere in the tropics [46, 47] . Thus, it remains unclear how the seedling community as a whole would respond to drought conditions more extreme than those observed in the decade over which we monitored seedlings in this study.
We found no significant effect of soil nutrients or canopy shade on seedling mortality in the community level model. However, this lack of significance at the community level for canopy shade could be due to the low frequency of extreme high and low light areas in this old growth forest (resulting in under-sampling of these conditions), and potentially also due to the variation among species in response to light, with some species suffering greater mortality and other species less in response to increasing canopy shade, as revealed by the species random slopes model (figure 2). Soil nutrient availability varies with topography in the BCI plot, so it is possible that the lack of significant nutrient effects was because such effects were being captured by the topographic habitat types included in the model. To test this ( post hoc), we ran the community-level model excluding topographic habitats and did find a significant effect of soil PC1 (electronic supplementary material, figure S5 ).
(b) Among-species variation in factors affecting mortality
Variation among species in response to the abiotic factors tested indicates the potential for niche partitioning in this community. The variation in response to mean annual rainfall and dry season severity indicates that species differ in response to water availability and dry season intensity. Past work has shown that drought can play a large role in structuring tropical forest communities [38, 48, 49] . Seedlings may be at particular risk for mortality from low water availability because they typically have less well developed root systems that cannot access deep soil moisture during times of water stress [50, 51] and via asymmetric competition with larger trees for water. The episodic shifts in the El Niñ o/Southern Oscillation (ENSO) strongly affect the climate in Panama, and in much of the western hemisphere. Strong ENSO events result in greater mortality rates in canopy trees on the FDP and other tropical forests [45, 52, 53] . Potential changes in ocean temperatures and atmospheric conditions based on climate model predictions associated with climate change could bring about increased variability in rainfall and extreme climatic events in the region [54] [55] [56] . Our results suggest that there is wide variation in species level response to dry season severity which would mean shifts in community composition with increasing frequency and intensity of extreme conditions [57] . It is important to note that our sampling period does not include an ENSO event, and our results should therefore be regarded as conservative estimates of species' responses to dry season severity and mean annual rainfall. The species-specific responses to water availability observed here, coupled with temporal variation in rainfall at the site and the long lifetimes of tropical trees, could contribute to coexistence via the storage effect [5, 58, 59] . Spatio-temporal variation in water availability may also provide the conditions for coexistence of species through hydrological niche segregation in edaphic conditions and trade-offs in gas exchange function among species [60] . Future work could examine the response of species to the interaction between habitats and climatic variables, as well as test for positive covariance between environmental variables and competition, as essential component of the storage effect [61] . Species also varied in response to canopy shade with the majority having lower mortality with increased shade indicating that most species survive well in low light while some survive better in higher light environments (figure 2). Decreased risk of mortality with greater shade may seem counterintuitive at first given the low light levels most understorey plants experience in tropical forests [62, 63] , but this is consistent with previous research on sapling survival at BCI where most species had greater mortality in higher light conditions [40] . We assume that the increase in survival with increasing canopy shade is due to intense competition in light gaps, which would lead to higher mortality [64] . Additionally, many species are likely to have a low-light compensation point and are well adapted to survival in the shade because in forests where gap creation is random and infrequent, understorey persistence is essential for high fitness, particularly for dispersal limited species [28] . We found little variation among species in response to soils PC axes. The lack of response may be due to soil heterogeneity at scales finer than was sampled. While it would have been ideal to have soil samples at every one of the seedling plots, it was not logistically feasible due to the large number of plots (approx. 20 000). Also, seedling growth may be sensitive to soil nutrients, while seedling mortality is not. Alternatively, woody species may be less sensitive to soil variation than other plant types, such as the herb layer [65] .
Species varied widely in their response to conspecific seedling and tree neighbour density and less in response heterospecific tree and seedling density (figure 2). Even with the wide variation among species in effect of conspecific density dependence, all species examined had increased risk of mortality with increasing conspecific seedlings and all but six had increased risk of mortality from increasing conspecific tree density. Species level responses to conspecific tree and seedling densities were positively correlated (electronic supplementary material, table S4), suggesting that conspecific neighbours of any size tend to increase the probability of mortality for seedlings. This finding is suggestive of differences in species-specific enemy pressure or intra-specific competition, with an overall negative effect at the community level. This finding confirms what was shown for seedlings in this forest in a previous analysis that was restricted to neighbourhood variables [15] , and is consistent with recent work that found that conspecific negative density dependence is a major structuring mechanism globally [66] .
Species mortality risk varied most in response to the swamp, stream and high-plateau habitats indicating potential abiotic filtering in those habitats (figure 3). Species whose seedlings survived well in the swamp tended to survive poorly in other habitats (table 1) , suggesting trade-offs in species' ability to tolerate inundated soils versus ability to perform well in well-drained soils. Such a trade-off could permit coexistence via habitat partitioning. For comparisons among the remaining habitats (high plateau, low plateau and stream), species response was positively correlated suggesting that rather than promoting coexistence through trade-offs in habitatspecific seedling survival, variation among species in mortality results in environmental filtering that excludes or lowers the abundance of species that are poorly suited for harsher habitats. Previous work at our study site has shown that, in general, seedlings of drought-resistant species survive better than seedlings of drought sensitive species [57] , but the difference is even more pronounced in the drier plateau habitats, leading to decreased relative abundance of drought sensitive species on the plateaus [48] , consistent with environmental filtering. Habitat-specific mortality is a likely mechanism for habitat associations observed in studies of species composition at this forest [48, 67, 68] , as well as other tropical and temperate forests where species exhibit affinities for habitats [29, [69] [70] [71] [72] . However, our results suggest that the relative contribution of habitat partitioning to coexistence is limited. Future work should investigate coexistence within habitats, which may be fostered by the strong biotic interactions observed in the present study and/or by microhabitat preferences at scales finer than our habitats.
Conclusion
Our results demonstrate niche partitioning may contribute to coexistence in this forest through differential responses to abiotic factors as well as conspecific negative density-dependent mortality. Although studies in shorter-lived, lower-diversity communities have demonstrated that the type of niche differences observed here can lead to species coexistence [73, 74] , proving that these differences contribute to coexistence in longlived, diverse forests remain a challenge. In particular, some of the effects observed here may vary over ontogeny [25, 75] . However, our results demonstrate that species experienced differential mortality risks based on abiotic factors allowing for niche partitioning along multiple resource axes. Future work could investigate how functional traits interact with biotic and abiotic factors to cause differential seedling survival among species to gain a mechanistic framework for predictive modelling of community dynamics [76, 77] . Assessing the degree to which niche-based processes contribute to species coexistence by overcoming fitness differences is a critical next step for understanding how diverse tropical forests are structured.
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